Abstract Agents targeting the insulin-like growth factor receptor type 1 (IGF1R) have shown antitumor activity. Based on the evidence for interaction between the IGF-1 and TRAIL pathways, we hypothesized that the combination of ganitumab (monoclonal antibody to IGF1R) with the pro-apoptotic death receptor 5 agonist, conatumumab, might increase antitumor response. Ganitumab and conatumumab were tested in combination in a Colo-205 xenograft model. Part 1 of the clinical study was a phase Ib program of three doses of conatumumab (1, 3, 15 mg/kg) in combination with 18 mg/kg ganitumab to determine the maximum tolerated dose (MTD) in patients with advanced solid tumors. Part 2 was conducted in six cohorts with advanced non-small cell lung cancer (squamous or nonsquamous histology), colorectal cancer, sarcoma, pancreatic cancer, or ovarian cancer, treated at the recommended doses of the combination. The combination was significantly more active in the Colo-205 xenograft model than either single agent alone (p<0.0015). In part 1 of the clinical study, no doselimiting toxicities were observed and the MTD of conatumumab was 15 mg/kg in combination with 18 mg/kg ganitumab. In part 2, 78 patients were treated and there were no objective responses but 28 patients (36 %) had stable disease (median 46 days, range 0-261). The combination was welltolerated with no new toxicities. In conclusion, the combination of ganitumab and conatumumab was well-tolerated but had no objective responses in the population tested. The successful future application of this combination of antitumor mechanisms may rely on the identification of predictive biomarkers.
Introduction
The type I insulin-like growth factor receptor (IGF1R) signaling pathway has been an active area of oncology research for the last decade [1] [2] [3] [4] . IGF1R is present on most tumor cells [5] , and inhibition of this receptor slowed tumor growth and increased the antitumor activity of chemotherapy, radiation, and biologic agents in xenograft models [6] [7] [8] . Moreover, activation of the IGF1R pathway has been postulated as a mechanism of signaling escape from other anticancer treatments including hormones and targeted agents [9] [10] [11] . Ganitumab is an investigational, fully human, antagonist IgG1 monoclonal antibody that binds to the extracellular domain of IGF1R, blocking interaction with both of its ligands (IGF-1 and IGF-2) [8] . Ganitumab does not cross react with or inhibit the insulin receptor [8] . In vitro, ganitumab showed anticancer activity against pancreatic cancer [8] , endometrial cancer [12] , and sarcoma [13] models by pro-apoptotic and antiproliferative mechanisms. In clinical studies, ganitumab monotherapy was well-tolerated and demonstrated anticancer activity [3, 14, 15] . Importantly, the clinical activity of IGF1R antagonists as single agents has been consistently shown to be modest, and therefore combination studies of IGF1R antagonists with other potentially synergistic agents are warranted.
Activation of death receptors (DR) leading to apoptosis is another approach for anticancer-targeted therapy [16] [17] [18] . DR5 is a member of the TRAIL family of receptors, and interaction with its endogenous ligand Apo2L/TRAIL induces apoptosis through caspases in transformed cell lines while normal cells are unaffected [16, 19] . Conatumumab is an investigational, fully human, agonist IgG1 monoclonal antibody directed against the extracellular domain of DR5. Conatumumab showed apoptotic activity in tumors [20] and antitumor activity via caspase activation in preclinical xenograft models of multiple types [21] . In the clinical setting, conatumumab was well-tolerated and demonstrated antitumor activity in advanced solid tumors [22, 23] . By inducing apoptosis, DR agonists may enhance the activity of other single agents with diverse mechanisms of action, for example, rituximab, panitumumab, bortezomib, and vorinostat [18, 24] .
We hypothesized that the combination of an agent that triggers apoptosis (conatumumab) with an agent that inhibits resistance to apoptosis (ganitumab) could provide a therapeutic advantage. The potential for an antitumor effect when these two mechanisms of action are combined is suggested by work showing that IGF-1 and Akt activation can drive resistance to TRAIL-induced apoptosis. Studies performed in multiple myeloma and thyroid carcinoma cells suggest that IGF-1, via upregulation of the anti-apoptotic (caspase inhibitor) protein FLIP, can decrease TRAIL sensitivity [25, 26] . In addition, αIR3, a monoclonal antibody against IGF1R was shown to potentiate cell death in vitro when combined with TRAIL in SW589 human thyroid carcinoma cells [26] . Other studies have shown additional evidence for the interaction of the IGF-1 and TRAIL pathways [27, 28] including the inhibition of TRAIL-induced apoptosis by IGF-1 [11] and increased sensitivity to DR5-mediated apoptosis through the inhibition of IGF1R [29] . These data provide a direct link involving IGF-1 in TRAIL-induced cell death resistance and suggest that inhibition of IGF1R action with ganitumab could enhance the pro-apoptotic effect of conatumumab in some tumor types. Combination of two monoclonal antibodies targeting these mechanisms has not been previously reported in the literature to our knowledge.
Death receptors have been shown to be expressed and apoptosis signaling pathways appear to be intact in most human tumor types. Pro-apoptotic receptor agonists have been shown to induce apoptosis in vitro and in vivo in a broad spectrum of tumor cell lines, including lung, colorectal, pancreatic, and ovarian cancers, as well as sarcoma [30] . In addition, a growing body of evidence has implicated the IGF pathways in these same tumors types [31] [32] [33] [34] [35] [36] [37] . Early phase clinical trials targeting IGF-1R in lung cancer and sarcoma, including Ewing's sarcoma, have provided evidence of anticancer activity warranting further investigation [38, 39] . Therefore, in the present phase 1b/2 clinical study, we chose to evaluate the safety and efficacy of the ganitumab/ conatumumab combination in patients with lung, colorectal, pancreatic, and ovarian cancers and sarcoma. In the phase 1b portion of the study, the primary objective was to identify a dose of conatumumab in combination with ganitumab that is safe and tolerated as determined by the incidence of doselimiting toxicities (DLTs). In the phase 2 portion of the study, the primary objective was to estimate the efficacy of conatumumab in combination with ganitumab as measured by the objective response rate (ORR).
Methods

Preclinical xenograft model
Four-to 6-week-old, female, athymic nude mice (Harlan Sprague-Dawley Labs) were housed in cages with a 12-h light/dark cycle and met all Association for Assessment and Accreditation of Laboratory Animal Care specifications. All experimental procedures were done in accordance with Institutional Animal Care and Use Committee and the US Department of Agriculture regulations. Mice bearing established (~200 mm 3 ) Colo-205 colorectal cancer (APC, BRAF, SMAD4, and TP53 mutated) xenografts were randomly assigned into four groups (10 mice per group) and treated intraperitoneally twice per week with human(h)IgG1 (300 μg/ dose) alone, ganitumab (300 μg/dose) and hIgG1 (3 μg/dose), conatumumab (3 μg/dose) and hIgG1 (300 μg/dose), or ganitumab and conatumumab at the same doses in combination for the duration of the experiment. Tumor volumes and body weights were measured twice per week using calipers and an analytical balance, respectively. Repeated measures ANOVA (RMANOVA) was used to compare tumor growth inhibition throughout the experiment in the combination group versus each single agent group.
Patients
Key inclusion criteria included, in part 1, locally advanced or metastatic, treatment-refractory solid tumors and, in part 2, locally advanced or metastatic non-small cell lung cancer (NSCLC; squamous or non-squamous cell carcinoma; up to two prior treatment regimens), colorectal cancer (up to two prior treatment regimens), pancreatic cancer (up to one prior treatment regimen), ovarian cancer (up to two prior treatment regimens), or sarcoma (up to two prior treatment regimens). In part 2, eligible patients must have had measurable disease (at least one measurable lesion). In both parts, patients had to have been ≥16 years old with a life expectancy ≥3 months, an Eastern Cooperative Oncology Group (ECOG) performance status of 0 or 1, and adequate organ function (liver, kidneys, bone marrow, coagulation, heart, glycemic function).
Key exclusion criteria included the presence of uncontrolled central nervous system metastasis; prior treatment with DR agonists; prior treatment with IGF1R antagonists; systemic chemotherapy, hormonal therapy, immunotherapy, and experimental or approved anticancer proteins/antibodies therapy within 28 days before enrollment, except in part 1 where patients could continue approved hormonal therapy as medically indicated; any prior or synchronous malignancy (except for non-melanoma skin cancer or in situ cervical cancer) other than the study disease, unless treated with curative intent with no evidence of disease ≥3 years before enrollment (part 2 only); and any clinically significant medical condition other than cancer, including cardiovascular disease or chronic obstructive pulmonary disease, which in the opinion of the investigator could interfere with the safe delivery of study treatment or increase risk of toxicity.
Study design
This was a multicenter, open-label, two-part phase 1b/2 study. All patients provided written informed consent before any study-specific procedure was performed, and the study was approved by the institutional review board or ethics committee for each site.
Both investigational products were administered intravenously (IV) on day 1 every 3 weeks (Q3W) until disease progression, intolerable adverse event, death, withdrawal of consent, or administrative decision, for up to 24 months. Ganitumab was administered first over a 60-min infusion followed by conatumumab over a 60-min infusion.
In part 1, the primary endpoint was the incidence of adverse events and clinical laboratory abnormalities defined as doselimiting toxicities. In part 2, the primary endpoint was the ORR (confirmed complete response (CR) and partial response (PR)) using modified Response Evaluation Criteria in Solid Tumors (RECIST) version 1. In both parts, predefined secondary endpoints included incidence of adverse events, the presence of antibodies to ganitumab or conatumumab, and pharmacokinetic parameters.
In part 1, conatumumab doses of 1, 3, and 15 mg/kg Q3W were selected for evaluation in combination with ganitumab 18 mg/kg Q3W in sequential dose-escalation cohorts in patients with advanced solid tumors. The schedule of conatumumab for this study was chosen based on pharmacokinetic modeling from the first-in-human study, which supported Q2W and Q3W dosing [22] . The 3 mg/kg Q3W conatumumab dose was predicted to have a C min of 10 μg/ mL, approximately 4-fold higher than the EC 50 value in the xenograft model, and the highest dose of 15 mg/kg Q3W was selected to ensure trough concentrations above the EC 90 in most patients. Although a dose up to 20 mg/kg was found safe in a prior monotherapy study, we chose to keep the highest dose at 15 mg/kg in the present combination therapy study. Of note, a partial response had been observed previously in a patient treated with conatumumab at only 0.3 mg/kg [22] ; therefore, we also included 1 mg/kg in the present study. The ganitumab dose was also selected based on pharmacokinetic modeling in the first-in-human phase 1 study [3] . The planned sample size was 3 to 6 DLT-evaluable patients per cohort. Up to three patients were enrolled initially in each cohort. If no patient experienced a DLT after all patients completed the first cycle of treatment, then dose escalation to the next cohort occurred. However, if a patient experienced a DLT, then three additional patients were to be treated at the same dose level.
In part 2, the conatumumab dose identified as safe and tolerable in part 1 was evaluated in combination with ganitumab 18 mg/kg IV Q3W in parallel cohorts of the following tumor types: advanced NSCLC (non-squamous histology [cohort 1] or squamous histology [cohort 2]), colorectal cancer (cohort 3), pancreatic cancer (cohort 4), ovarian cancer (cohort 5), and sarcoma (cohort 6). The planned sample size was 90 (15 patients per cohort).
Safety assessments
Adverse events and DLT were recorded at day 1 of every cycle and at every office visit. Physical exam, vital signs, and laboratory assessments, including hematology and blood chemistry, were conducted on day 1 of every cycle. Anticoagulation was also measured in those on anticoagulant therapy and HgbA1c was measured in those with diabetes on day 1 of cycles 1, 3, and every 3 cycles thereafter.
The NCI CTCAE v3.0 event grading scale was used as a guide for grading DLT. DLT was defined as any grade 3 or higher hematologic or non-hematologic toxicity related to conatumumab, or the combination of conatumumab with ganitumab, except for lymphopenia and anemia. To be considered a DLT, fatigue had to be grade 4 or grade 3 for >7 days; anorexia, nausea, vomiting, stomatitis/mucositis, or diarrhea had to be grade 3 or 4 despite maximum supportive care; neutropenia had to be grade 3 or 4 with fever >38.5°C; thrombocytopenia had to be grade 3 or 4 with grade >1 bleeding; elevated ALT or AST must have been >10 times the upper limit of normal; amylase or lipase elevation had to be grade 4 for >7 days; hyperglycemia must have had lifethreatening consequences (ketoacidosis or hyperosmolar nonketotic coma); and pulmonary embolism must have been symptomatic.
Tumor analysis
In part 2, radiological assessments for disease status were performed according to modified RECIST version 1.0. Radiological imaging by CT or MRI was done every 6 weeks [±7 days] during the first 6 months of the study and every 9 weeks [±7 days] thereafter. PR and CR assessments were confirmed by repeat assessment within 28 days. Stable disease (SD) was defined as neither sufficient shrinkage to qualify for PR nor sufficient increase to qualify for PD, taking as reference the smallest sum longest diameter since the treatment started. To qualify for a response of SD, follow-up measurements must have met the SD criteria at least once by study week 5 (day 35).
Pharmacokinetics
Serum samples for pharmacokinetics were collected before the ganitumab and conatumumab infusions and 5 min before the end of each infusion at day 1 of cycles 1 and 3, and before each of the infusions on day 1 of cycle 5 and every three cycles thereafter. Serum concentrations of conatumumab or ganitumab were measured by validated enzyme-linked immunosorbent assays. The lower limit of quantification for conatumumab and ganitumab was 29.9 and 300 ng/mL, respectively. Serum pharmacokinetic parameters (C max and C min ) were estimated using noncompartmental methods with WinNonlin Enterprise software (version 5.1.1; Pharsight Corp.)
Evaluation of anti-ganitumab and anti-conatumumab antibodies Serum samples for anti-ganitumab and anti-conatumumab antibodies were collected before the start of day 1 of cycles 1, 3, and 5, and every six cycles thereafter (cycle 11, 17, etc.). Samples were also taken at day 30 and at the day 60 safety follow-up visits. Assay details have been previously published [3, 22] . Statistical analysis Parts 1 and 2 were analyzed separately. Two interim analyses of part 2 safety data were planned and conducted after 15 and 45 patients had been enrolled and received one cycle of treatment. The proportion of patients with an objective response per local investigator assessment with corresponding 95 % Clopper Pearson method [40] confidence intervals was calculated for each cohort in part 2. All safety data were summarized per cohort and in aggregate over all cohorts using descriptive statistics.
Results
Preclinical studies
Xenograft models
The combination of ganitumab and conatumumab was evaluated in the Colo-205 colorectal carcinoma xenograft model (Fig. 1) . In the presence of the control hIgG1 antibodies, tumor volume increased steadily over time. Single-agent treatment with ganitumab or conatumumab resulted in reduction of tumor volume compared to the control. The combination of ganitumab and conatumumab led to strong tumor growth inhibition that was significantly better than either agent alone (p<0.0105 vs either single agent).
The combination of ganitumab and conatumumab was also tested in two other xenograft models (HCT-116 colorectal cancer and H460 non-small cell lung cancer) but did not provide any benefit over each single agent alone (data not shown).
Clinical study
Patients and disposition
In part 1, nine patients (three per dose cohort) were enrolled from five centers between January and July 2009. All patients received both study medications and discontinued treatment either due to death (n=1) or disease progression (n=8). Baseline demographics and disease characteristics are shown in Table 1 .
In part 2, 80 patients were enrolled from 16 centers (including all 5 centers from part 1) in the USA and Spain beginning in September 2009 and ending May 2010. Of these, 78 patients received both study medications (full analysis set) (Fig. 2) . A total of 16 patients were ineligible due to the following: lab values outside acceptable range (n=8), unwilling or unable to comply with study procedures (n=3), had to remain on anticoagulation therapy (n=2), had received more than one prior anticancer treatment (n=1), general deterioration (n=1), and ECOG score >1 (n=1).
Fewer patients than planned were enrolled into the squamous cell NSCLC and ovarian cancer cohorts because further enrollment to the study was closed following a protocolplanned tumor response analysis (after the second safety interim analysis) that showed lack of activity in the colorectal cancer and sarcoma cohorts. As of the primary analysis data cutoff date (May 2010), 23 patients remained on study and 57 discontinued due to ineligibility (n=3), adverse event (n=1), withdrawal of consent (n=11), lost to follow-up (n=12), death (n=28), or other (n=2). Disposition for each cohort is shown in Fig. 2 . Baseline demographics and disease characteristics are shown in Table 2 .
Safety
No DLTs were experienced in any of the dose cohorts in part 1; therefore, the dose identified for part 2 was 15 mg/kg conatumumab IV every 3 weeks, the highest dose tested.
In part 1, the most common treatment-emergent events (occurring in two or more patients) were fatigue (n =4; 44 %), dyspnea (n=3; 33 %), anemia (n=3; 33 %), pericardial effusion (n=2; 22 %), nausea (n=2; 22 %), pain (n=2; 22 %), drug hypersensitivity (n=2; 22 %), decreased appetite (n=2; 22 %), hyperglycemia (n=2; 22 %); hyperalbuminemia (n=2; 22 %), and hyperkalemia (n=2; 22 %). Eight patients (89 %) experienced at least one treatment-related event including fatigue (33 %), drug hypersensitivity (22 %), adverse drug reaction (11 %), arthralgia (11 %), dyspepsia (11 %), dyspnea (11 %), infusion-related reaction (11 %), myalgia (11 %), nausea (11 %), night sweats (11 %), anemia (11 %), decreased appetite (11 %), hyperglycemia (11 %), rash (11 %), drug eruption (11 %), neutropenia (11 %), and pain (11 %). In part 2, the most common treatment-emergent adverse events overall were fatigue (36 %; 4 %≥grade 3), chills (29 %; 0 %≥ grade 3), decreased appetite (29 %; 3 %≥grade 3), nausea (23 %; 3 %≥grade 3), asthenia (14 %; 3 %≥grade 3), dyspnea (14 %; 5 %≥grade 3), pyrexia (14 %;1 %≥grade 3), back pain (12 %; 3 %≥grade 3), and vomiting (10 %; 1 %≥grade 3) ( Table 3 ). The most common treatment-related events ≥5 % in frequency were chills (27 %; 0 %≥grade 3), fatigue (15 %; 1 %≥grade 3), nausea (12 %; 0 %≥grade 3), pyrexia (6 %; 0 %≥grade 3), asthenia (5 %; 0 %≥grade 3), and rash (5 %; 0 %≥grade 3). There was one treatment-related serious adverse event: grade 3 hemoptysis in a patient with squamous NSCLC. Adverse events previously associated with IGF1R inhibitors, including ganitumab, were hyperglycemia (5 %; 3 %≥grade 3), thrombocytopenia (1 %; 1 % grade 3); and neutropenia (3 %; 1 % grade 3). Adverse events known to be associated with conatumumab were amylase increase (3 %; 1 % grade 3) and lipase increase (3 %; 0 %≥grade 3). There were three fatal adverse events, none of which were deemed related to treatment, including acute respiratory failure in the setting of pulmonary embolism and disease progression in a patient with ovarian cancer, disease progression in a patient with squamous NSCLC, and respiratory distress in a patient with non-squamous NSCLC.
Efficacy
In part 1, one confirmed PR was observed and two patients had SD. The PR (duration, 186 days) occurred in a 62-yearold woman on 1 mg/kg conatumumab plus ganitumab with stage IV well-differentiated myxofibrosarcoma who had received 13 prior anticancer therapies. One of the patients with SD (female; age 66; stage IV colorectal cancer) had prolonged SD (177 days). In part 2, no objective responses were observed (Table 4) . Twenty-eight patients (36 %) had SD including one patient (female, age 77) with an unconfirmed PR (duration unknown; had progressed by next visit) who had stage III colorectal cancer at enrollment and had received nine prior anticancer therapies. The median duration of SD was 46 days (range 0, 261). Several patients experienced prolonged SD including a 38-year-old woman with stage IV synovial sarcoma (duration (40) 1 (14) 7 (44) 4 (25) 2 (22) 3 (20) 23 ( (47) 2 (29) 2 (13) 7 (44) 3 (33) 2 (13) 23 ( (27) 1 (14) 0 (0) 5 (31) 5 (56) 3 (20) 18 (23) (14) 5 (31) 3 (19) 1 (11) 1 (7) 11 (14) (20) 1 (14) 1 (6) 2 (13) 3 (33) 1 (7) 11 (14) (13) 3 (19) 1 (11) 4 (27) 11 (14) 
Back pain 2 (13) 0 (0) 0 (0) 1 (6) 2 (22) 4 (27) 9 (12)
261 days), a 58-year-old man with stage IV leiomyosarcoma (duration 227 days), a 47-year-old man with stage IV nonsquamous NSCLC (duration 210 days), and a 45-year-old man with stage IV colorectal cancer (duration 190 days). Individual patients' best tumor response showed that several patients with PD and several with SD experienced tumor regression (Fig. 3) . Median PFS times ranged from 1.3 months in sarcoma up to 3.3 months in squamous NSCLC (Table 4) .
Pharmacokinetics
Mean predose and end-of-infusion concentrations of conatumumab and ganitumab in part 2 are shown in Fig. 4 . Mean ganitumab concentrations at the end of infusion ranged from 193 to 362 μg/mL after cycle 1 and from 249 to 334 μg/ mL following cycle 3 dosing. The predose concentrations of ganitumab in cycles 3 and 5 ranged from 11 to 37 μg/mL.
Mean conatumumab concentrations at the end of infusion ranged from 215 to 332 μg/mL after cycle 1 and from 253 to 423 μg/mL following cycle 3 dosing. The predose concentrations of conatumumab in cycles 3 and 5 ranged from 59 to 160 μg/mL.
Immunogenicity
No neutralizing antibodies were detected.
Discussion
This is the first study to report on the combination of an IGF1R inhibitor and a DR5 agonist in patients with cancer. Despite a strong scientific rationale and evidence for an additive effect for the ganitumab/conatumumab combination in a xenograft model, this clinical trial did not show evidence for activity of the combination in any of the tumor types tested, though one patient with sarcoma had a PR, and several patients with colorectal cancer (n=2), sarcoma (n=2), and NSCLC (n=1) experienced prolonged stable disease. Of note, recent review articles summarizing the trial data from multiple candidates have concluded that both IGF1R-directed [41, 42, 35] and DR5 agonist agents [43] have shown modest activity as single agents in the clinical setting. Results from a prior single-agent study with ganitumab were encouraging, with responses observed in 2 of 12 patients with Ewing's sarcoma (1 durable CR and 1 PR), and 2 of 5 patients with neuroendocrine tumors (1 PR and 1 durable minor response) [3] . Another ganitumab study in sarcoma reported 2 PRs and SD in 17 of 35 evaluable patients [15] . Prior phase 1 studies of conatumumab yielded a best response of SD in 14 of 37 patients with 1 sustained PR over 4 years in a patient with NSCLC [22] , and in a Japanese study, a best response of SD occurred in 9 of 18 patients with solid tumors [23] . Given the support for interaction between the TRAIL and IGF-1 pathways [29, 28, 11, 26] and the evidence that inhibition of IGF-1 sensitizes cells for death ligand-induced apoptosis [27, 29] , we postulated that the combination of ganitumab and conatumumab might increase antitumor response in the clinical setting. The clinical study was conducted in five tumor types, which were selected based on the body of evidence that overexpression of IGF-1, IGF-2, and/or their receptor IGF1R plays an important role in tumor growth and survival in NSCLC, colorectal cancer [33] , sarcoma [34, 35] , pancreatic cancer [36] , and ovarian cancer [37] . Preclinical data supported an effect of the ganitumab/conatumumab combination based on the Colo 205 xenograft model, and although the NSCLC xenograft model did not give supportive evidence, there were other reports of NSCLC sensitivity to the IGF-1/ DR antitumor mechanisms in the literature. As part 1 was designed to evaluate the MTD and not efficacy, the tumor types for part 2 were preselected based on preclinical and clinical evidence and were not chosen based on part 1 results. Although there was some prior evidence of ganitumab activity in Ewing's sarcoma as mentioned above, Ewing's sarcoma was not specifically evaluated in the present study, although sarcoma was selected as one of the cohorts.
The reason for the failure to replicate the preclinical results in the Colo 205 xenograft model might be related to the previous treatment of most of the patients, thus perhaps resulting in tumors that had already developed mechanisms to circumvent the DR5 pro-apoptotic pathway and IGF-1-mediated inhibition of apoptosis. Another potential explanation could be the fact that the population tested, despite the selection for specific tumor type, was molecularly unselected, as biomarkers associated with vulnerability or resistance to these mechanisms of action have not yet been identified. We did not select for tumors expressing IGF1R; however, in a study of dalotuzumab, another IGF1R monoclonal antibody, IGF1R selection did not markedly increase antitumor efficacy, as only 1 of 80 patients showed a response [4] . It is possible that conducting the trial in a single tumor type, such as colon cancer, might have increased the likelihood of finding a responsive population.
Sensitivity to ganitumab and conatumumab may depend on molecular characteristics of the tumor that have yet to be identified. The Colo 205 model has mutations in APC, BRAF, SMAD4, and TP53; therefore, evaluation of the mutation status of the patients in this trial could provide additional information but has not been undertaken at this time. Some progress in identification of a potential biomarker for conatumumab activity was recently reported in an analysis of three phase 2 studies which showed that carriers of the Fc gamma receptor IIIa V allele had significantly longer overall survival versus control in patients with metastatic colorectal cancer, a trend toward longer survival in NSCLC, and no effect in patients with pancreatic cancer [44] . Determination and appropriate application of biomarkers is complex and may emerge only after a new drug has been in use in patients for some time, as exemplified by the case of epidermal growth factor receptor inhibitor resistance in tumors harboring KRAS mutations [45] . Progress in the area of identification of biomarkers in earlier stage clinical trials is clearly desirable, and earlier application of biomarkers may reduce the occurrence of negative clinical trials [46] such as the present one.
In addition, valid preclinical models are important. In this case, a more thorough evaluation of the mechanism of the effect of ganitumab and conatumumab in the Colo 205 xenograft model might have led to a better understanding of the characteristics required for response. Additional testing of the combination in other xenograft models from the other tumor types included in the clinical trial might also have given a better indication of the likelihood of success in the clinical setting. We note that in vitro study of the combination was not possible due to the requirement of specific culture conditions for each agent. The presence of these culture conditions affects the activity of the other agent; thus, we were unable to produce culture conditions without confounding the results.
The combination of ganitumab and conatumumab was well-tolerated with no dose-limiting toxicities, suggesting that concomitant IGF1R inhibition and DR5 stimulation does not lead to novel toxicities. Consistent with prior studies [3, 4, 17, 22, 47] , the most common treatment-emergent adverse events were fatigue, chills, decreased appetite, nausea, asthenia, dyspnea, pyrexia, back pain, and vomiting. Thrombocytopenia has also been observed previously with ganitumab [3] and dalotuzumab [48] ; in the present study, one grade 3 event (1 %) was observed. Amylase increases or hepatic toxicity have been observed with other investigational products targeting TRAIL receptors [49, 50] , and lipase increase was identified as an adverse event associated with conatumumab [22, 23] . As seen in prior studies, the incidence of amylase/ lipase increase was low in the present study and was not doselimiting.
Pharmacokinetic analyses showed no large differences for ganitumab or conatumumab concentrations across different tumor types and only slight accumulation of both agents occurred over time. Exposures of ganitumab and conatumumab in this study were similar to those observed in first-in-human studies [3, 22] . In relation to the effective doses studied in preclinical models, the clinical trough concentrations of ganitumab and conatumumab reported here were around or above the concentrations observed at the doses required to achieve 90 % maximal tumor growth inhibition (ED 90 ) in the xenograft models.
In conclusion, this study showed that the combination of the IGF1R inhibitor ganitumab and the DR5 agonist conatumumab was tolerable but not active in the population tested, suggesting that future research of these mechanisms in combination may not yield evidence of anticancer activity unless predictive biomarkers are identified.
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